Glucosyltransferases (GtfB/C/D) of Streptococcus mutans, a pathogen for human dental caries, synthesize water-insoluble glucan through the hydrolysis of sucrose. Genetic and biochemical approaches have identified several active sites of these enzymes, but no three-dimensional (3D) structural evidence is yet available to elucidate the subdomain arrangement and molecular mechanism of catalysis. Based on a combined sequence and secondary structure alignment against known crystal structures of segments from closely related proteins, we propose here the 3D model of an N-terminal domain essential for the sucrose binding and splitting in GtfB. A Tim-barrel of (K/L) 8 structural characteristics is revealed and the structural correlation for two peptides is described. ß
Introduction
Glucosyltransferases (GTFs; EC 2.4.1.5) of mutans streptococci are enzymes responsible for the synthesis of water-soluble and -insoluble glucose polymers (glucan) from sucrose. These polysaccharides enhance the colonization of cariogenic bacteria and promote the formation of dental plaque on tooth surfaces [1] . Genetic approaches have identi¢ed several GTFs of distinct characteristics in oral streptococci including Streptococcus mutans (for review, see [2] ). S. mutans, the most prevalent mutans streptococci isolated from human oral cavity [3] , produces three GTFs [4^6]: GtfB (162 kDa) and GtfC (149 kDa) synthesize primarily insoluble glucan, whereas GtfD (155 kDa) synthesizes exclusively a water-soluble one. In addition, in vitro assays of adherence to glass surface suggest that GtfB and -C are more important than GtfD for bacterial attachment [7] .
Studies of the structure and functional relationship of the GTFs from S. mutans and Streptococcus sobrinus have identi¢ed several important domains and speci¢c amino acid residues involved in enzymatic activities for glucan binding, sucrose hydrolysis and glucan synthesis [2] . (i) A C-terminal glucan-binding domain (GBD) is composed of multiple homologous direct repeat segments, approximately 510 residues [8] . GBD was shown to be essential for glucan synthesis but not for sucrase activity [9] . (ii) An N-terminal catalytic domain of about 900 amino acids [2] is capable of binding and the hydrolysis of sucrose [10] . This region is highly conserved among GTFs and two active sites in this region have been reported based on biochemical and genetic analyses. The ¢rst active site of nine residues containing a catalytic aspartic acid was observed in the stabilized glucosyl^enzyme complex [10] . Site-directed mutagenesis con¢rmed the essential role of this Asp residue for sucrase activity in GTFs [11, 12] . Primary sequence alignment revealed that this nanopeptide is highly conserved in the amylases and K-glucosidases [13] . A second active site identi¢ed by Funane et al. [14] and by our group [13] that two Asp residues in Gtf-P1 are essential for sucrase activity but may play di¡erent roles in GtfB and -C [15] . Taken together, the N-terminal one-third of the GTFs may play a central role in sucrose splitting and glucan synthesis. However, direct structural evidence indicating the subdomains and special residues responsible for these chemical details, as well as the molecular mechanism based on the conformational changes of these regions, remain to be determined. Therefore, based on a combined sequence and secondary structure alignment against the known crystal structure of segments from closely related proteins, we propose here the three-dimensional (3D) model of the catalytic domain of GtfB of S. mutans. The reason to start such work on GtfB is based on the results of mutagenesis and on the role of Gtf-P1 in various GTFs, which indicated that GtfB is more important in human cariogenesis and that Gtf-P1 may play a more crucial role in GtfB than in another GTF, GtfD [1, 7, 11, 13] . [8] and BLI. Corresponding fragments for two proteins were chosen according to the results from paired sequence alignment. The residue identity for each fragment: (a) 21%, (b) 35%. Localization of K-helices and L-strands is marked on top of the residues according to their order in the GtfB structure. The shaded characters represent GtfB residues with high homology to template BLI. All amino acid residues are represented with single-letter abbreviations.
Materials and methods

Search for templates
The BLAST algorithm was employed to search in PDB the protein segments whose sequences are similar to that of GtfB and whose structures can serve as viable structural templates. The crystal structures of three related amylases or glucosyltransferases (Bacillus licheniformis alpha-amylase, BLI [17] ; alpha-amylase precursor, VJS [18] ; glycosyltransferase, BPL [17] ) which have shown the highest scores in the sequence alignments (BLI : 56; VJS: 55; BPL: 54) were chosen for the determination of structural conserved regions (SCRs). The GtfB residues used for model building are according to their paired sequence compared to BLI sequence. In addition, immediately after the primary sequence comparison with BLAST, part of the carboxyl-and amino-terminal residues of GtfB were eliminated according to the results.
Paired sequence alignment
The GCG program was used to determine the equivalent residues. Two residue regions of BLI represented as continuous lines dominantly observed in Fig. 2 were employed as appropriate template regions and the corresponding fragments in GtfB were chosen for alignment. The amino acid sequences of these GtfB fragments were then included in the multiple sequence alignment of the appropriate BLI regions to specify the residue numbers for model building [19] .
Model building
Modelling by homology was performed essentially following the procedures described by Siezen [19] . Brie£y, the two residue fragments of GtfB, 395^669 and 859^949 (from N-to C-termini), were chosen according to the results from paired sequence alignment. They were then superimposed onto the crystal coordinates of CK atoms of the corresponding SCRs from BLI structure. This generated the secondary structure and relative position of the de¢nite secondary structural elements in the two residue fragments of GtfB. Junctions between the secondary structural elements were individually regularized by energy minimization to give reasonable geometry. All the calculations and structure manipulations were performed with the Discover/Insight II molecular simulation and modelling programs (from Molecular Simulation Inc., San Diego, CA, USA; 950 release) on Silicon Graphics Octane/ SSE workstation.
Results and discussion
Paired sequence and structural alignment
Sequence comparison and the residue identities between GtfB and BLI are shown in Fig. 1 . The two residue fragments of GtfB used for structural alignment are residues 395^669 and 859^949 (from N-to C-termini), for which residues 184^399 and 33^121, respectively, of BLI are ap- plied to create coordinates ( Figs. 1 and 2 ). It is interesting to note that regarding the best alignment available the corresponding fragments between GtfB and BLI are not in the order of their residue sequences (Fig. 2) .
Overall structural features and comparison with template
Structural information from our model suggests the subdomain arrangement that coincides with the predictive structural arrangement for GTF-I from Streptococcus downei [16] . Such folding pattern of GtfB is also very similar to that of BLI [17] (Fig. 3) . A typical Tim-barrel composed of eight consecutive units of K/L structural motif by forming the cavity for active sites, as observed in the crystal structures of other closely related sugar-splitting enzymes [17, 18, 20, 21] , was observed in this model (Figs.  3 and 4) . The highly conserved 19-residue region, namely Gtf-P1 [13] , spreads on the surface of the molecule in this model. It forms a fairly long K-helix and protrudes its Nterminal residues into the vicinity of the active site of the nine-residue fragment [10] (Fig. 4) .
Substrate binding and sucrose splitting
The putative catalytic aspartate [10] is accessible by substrates from the wide opening of this cavity (Fig. 4) . This may allow the sucrose to enter the speci¢city pocket and to bind to the enzyme molecule at the active site. According to the results from previous studies which suggested that the C-terminal one-third is responsible for the glucan binding [9] , we would expect the long molecule of glucan to occupy the remaining part or outside of this cavity and to be supported by the C-terminal residues. However, due to the elimination of residues for structural alignment, almost all the one-third C-terminal residues of the molecule cannot be seen in this structure. Therefore, such an assumption remains to be veri¢ed.
We will not try to explain the chemical details of sucrose hydrolysis merely from this predictive model. However, based on the structural information and catalytic mechanisms obtained from crystal structures of other related amylases [17, 18] , a D-glucosyl^enzyme complex may be involve as an intermediate [2, 10] .
Monoclonal antibody recognition
One interesting structural interpretation provided by this model is the highly conserved 19-residue fragment, i.e. Gtf-P1 [13] . This peptide is located on the surface of the molecule in our model. Our previous results [22] have demonstrated that a monoclonal antibody against this region brought the sucrase activity of GtfB down to about 50%. Exposure of this 19-residue fragment on the surface of the molecule can lead to possible attack by an antibody. Conformational change of Gtf-P1 induced by such an attack may further a¡ect the catalytic behavior via the protruding residues of this long K-helix into the vicinity of the active site (Fig. 4) .
Conclusion
Our model has for the ¢rst time described 3D structural information for subdomain arrangement of the catalytic domain of GtfB and the structural correlation for two peptides required for enzyme catalysis. Due to the extraordinarily large size of the GtfB molecule, only structural properties with respect to the sucrase activity or catalytic domain could be deduced here from the currently available templates. Nevertheless, such information provides directions for further functional assays and the candidates for site-directed mutagenesis before the crystal structure of GtfB is determined.
